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564a Tuesday, February 28, 2012Integrins bind specifically ECM proteins and induce in-out and out-in signal-
ing. The actin cytoskeleton, when linked to these adhesive sites, exerts forces
onto the substrate leading to stabilize the cell shape and/or to migrate. Signaling
crosstalks between these two major compounds: adhesive sites and actin bun-
dles, are still unclear because organizations of both complexes can be highly
different from one cell to another one during cell spreading.
Micropatterning techniques are efficiently used to constraint cells to exhibit
well reproducible cytoskeleton and adhesive site organizations. This reduces
biological dispersion and allows statistical spatiotemporal analysis. Investiga-
tions on relevant cell adhesion actors through experimental measurements
should point out links among them. The outcome of this work is to study rela-
tionships between cell spreading behaviors and extracellular matrix properties.
We choose to simplify the cell environment by reducing the extracellular ma-
trix to microfabricated substrates covered by a specified type of adhesive pro-
teins. We thus use the geometry controlled by the adhesive pattern and the
extracellular matrix biochemistry controlled by the type of protein adsorbed
on the substrate to quantify the resulting cytoskeleton and adhesion sites
organizations.
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Immune cells circulating blood vessels recognize the signatures of tissue in-
flammation in blood vessels and undergo multiple cascades of interactions
with inflamed endothelium to eventually leave out the vessels. Parallel plate
flow chamber assay has been extensively used to investigate detailed mecha-
nisms of lymphocyte-endothelial cell (ECs) interactions. However, orientation
of ECs, which may play significant roles in lymphocyte dynamics on inflamed
endothelium, has not been considered in these assays yet. Indeed, healthy
blood vessels are composed of endothelium aligned in parallel with the direc-
tion of blood flow. To address the importance of ECs alignment on lympho-
cyte dynamics, we firstly aligned ECs on the substrates containing nanoscale
grooves and ridges. Then, dynamics of T cells on the aligned endothelial layers
(either parallel or perpendicular to the direction of flow) and randomly ori-
ented ECs were monitored by video microscopy. Firstly, we quantitatively an-
alyzed the direction of T cell crawling under the conditions stated above.
Interestingly, the direction of T cell crawling was not significantly affected
by the flow direction, but rather biased toward the direction of EC alignment.
Indeed, when junctions and nuclei of ECs were visualized, T cells preferen-
tially migrated along the EC the junctions, while avoided crawling on top of
EC nucleus. Based on this observation, we hypothesized that topographical
structures and mechanical properties of ECs guided crawling of T cells and
performed a number of experiments to test the hypothesis. Secondly, we inves-
tigated the effect of EC alignment on transendothelial migration (TEM) of T
cells. T cells on poorly-aligned ECs underwent TEM more quickly and fre-
quently than T cells on well-aligned ECs. Further analysis revealed that local
alignment of EC junctions surrounded by more than three ECs form preferen-
tial sites for TEM of T cells.
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Rheological properties of living cells are related to the cytoskeletal structures
such as actin filaments, microtubules and intermediate filaments. Previous
studies revealed that single cells in steady states followed a power-law rhe-
ology in time and frequency domains and the power-law curves intersected at
a single point at a high time and frequency region. However, it is little known
how the rheological property of cells varies in their intermediate states, in
which the cytoskeletal structures are drastically and artificially being modi-
fied. In this study, we measured the ensemble-averaged relaxation modulus
G(t) of cells in the intermediate states by successive stretching and relaxing
of cell sheets, which were fabricated by peeling confluent cells from a micro-
fabricated substrate. We succeeded to observe the change in G(t), which fol-
lowed the power-law rheology, just after modifying actin filaments with
cytochalasin-D and Jasplakinolide. Interestingly, the power-law curves of
cells in intermediate states also intersected at the single point, which was
consistent with that of cells in steady state. The results suggested that the uni-
versal features of power-law rheology of cells resulted in the rheological
properties of cells as a material, not any active regulation of cells. The
time dependent Poisson’s ratio of cells in intermediate states will be charac-
terized.2866-Pos Board B636
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Vascular endothelial cells (VECs) that line the interior of blood vessels are con-
tinually stretched as the vessel walls expand and contract. It is widely accepted
that VECs will remodel themselves in response to this mechanical stimuli, lead-
ing to changes in cell function. Few studies, however, have analyzed the me-
chanical properties of these cells under stretch. We hypothesize that uniaxial
stretch will cause an anisotropic realignment of actin filaments, and a change
in the viscoelastic properties of the cell. To test this hypothesis, VECs were
grown on a thin, transparent membrane mounted on a microscope. The mem-
brane was stretched, consequently stretching the cells. Time-lapse sequences
of the cells were taken every hour with a time resolution of 10 Hz. The random
trajectories of intracellular endogenous particles were tracked using in-house
algorithms. Using a novel particle tracking microrheology formulation, that
takes into account the anisotropic nature of the cytoplasm, these trajectories
were analyzed and the mechanical properties of VECs subjected to various
stretching conditions were calculated and compared.
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The development of atherosclerotic lesions involves phenotypic changes
among resident vascular smooth muscle cells (VSMCs) that often contribute
to inflammation at the site of injury and are correlated with stiffening of the ves-
sel wall. Studies have shown that there are major alterations in extracellular
matrix (ECM) composition and mechanical properties during atherosclerosis
that likely contribute to VSMC pathology, yet precisely how such changes
lead to regulation of VSMC behavior remains poorly understood. In this study,
we used substrates with tunable mechanics to investigate the combined influ-
ence of ECM stiffness and composition on VSMC adhesion, spreading, prolif-
eration, and traction force generation. To model the stiffening ECM, we
synthesized 25kPa and 135kPa polyacrylamide substrates functionalized with
equal mass quantities of fibronectin, laminin, type I collagen, or a combination
of fibronectin and laminin. On fibronectin and collagen substrates, we observed
that increasing stiffness stimulates VSMC adhesion, spreading, and prolifera-
tion, whereas on laminin substrates, the effect is reversed, with 135kPa sub-
strates supporting 35% less attachment (p<0.05), 25% smaller cell area
(p<0.05), and 10% less proliferation than 25kPa substrates. We also examined
attachment on gels containing varying ratios of fibronectin and laminin, and
found that cell number on 135kPa versus 25kPa substrates was a direct function
of the proportion of each ligand, i.e., gels with more fibronectin supported
higher attachment at 135kPa, while gels with more laminin supported higher
attachment at 25kPa. We then quantified single cell traction forces on 10kPa
substrates containing fibronectin or laminin and found that total force per
area on laminin was 55% less than on fibronectin (p<0.05). Collectively, our
results demonstrate that VSMC response to substrate stiffness is critically de-
pendent on ligand biochemistry, and have broad implications for the study of
VSMC physiology and mechanotransduction in other cell types.
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Directed migration of endothelial cells is crucial for angiogenesis and vascular
remodeling. This migration is known to depend on both chemical and mechan-
ical interactions. It has been shown that HUVECs migrate towards VEGF, but
individual cell tracking in a stable and quantifiable gradient has not been done.
In order to control for both chemical and mechanical interactions, we have used
a microfluidic device that can generate a chemical gradient of VEGF in a spa-
tially and temporally stable manner. This microfluidic device is placed over
a polyacrylamide gel so that a range of physiological substrates, on which
HUVECs migrate, could be tested. HUVECs were individually tracked and
observed to chemotax towards higher VEGF concentrations on a variety of
Tuesday, February 28, 2012 565asubstrates. We were also able to apply traction force microscopy to HUVEC
migration inside these chemotactic microfluidic chambers and found that
HUVECs generate more force when moving directionally rather than ran-
domly. These results indicate that the chemical gradient as well as the substrate
mechanics affect both HUVEC migration and force generation.
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It is now widely recognized that substrate viscoelasticity may have a profound
impact on cellular fate and function. However, the underlying mechanisms of
cellular mechano-sensing remain a topic of open debate. Traditionally, cellular
mechano-regulation was accomplished using polymeric substrates of adjust-
able viscoelasticity with immobilized cell linkers. Here, we present an alterna-
tive strategy of cellular mechano-regulation, in which the viscous drag of cell-
substrate linkers is altered by the number of lipid bilayers in a polymer-tethered
multi-bilayer stack. 3T3 fibroblast experiments on laminin-functionalized bila-
yer substrates show that the number of bilayers has a significant impact on cell
morphology, migration, and cytoskeletal organization. Furthermore, this
biomembrane-mimicking substrate is integrated into a force traction micros-
copy assay, which confirms that the presence of the fluid multi-bilayer system
leads to a notable reduction in cellular traction forces. In addition to fibroblast
experiments on laminin-functionalized substrates, we have also designed a cad-
herin-functionalized multi-bilayer system, which better replicates the condi-
tions of a cell-cell linkage. These substrates were employed to explore the
spreading and migration behavior of myoblasts. Our experiments indicate
that the described biomembrane-mimicking substrates are particularly well-
suited to study plated cells under weak force traction conditions.
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Mechanotransduction is a complex process of cell- extracellular matrix interac-
tion. In our study we focus on the mechanisms governing the determination of
cell shape in response to external adhesive conditions.
A combining approach of micropatterning technique (MP) by soft lithography
and a home made Fast Fourier Traction Cytometry soft enable us to probe the
correlation between traction force ex-
erted by cell and cell cytoskeletal organi-
zation. Our strategy is to create adhesive
island of protein coated pattern of differ-
ent shapes having the same triangular en-
velope. By correlating stress fiber width
and paxillin distribution with traction
forces exerted by cells with one, two, or
three nonadherent cell borders ,we are
able to compare the cell internal tension
of a given cell type cultured on different
shapes to the localized spatial distribu-
tion of forces.2871-Pos Board B641
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Many fundamental cell processes, such as angiogenesis, neurogenesis and can-
cer metastasis are thought to be modulated by extracellular matrix compliance.
In different tissues, extracellular matrix stiffness varies over several orders of
magnitude from cartilage as stiff as 100kPa to soft brain tissue as compliant
as 0.2 kPa. Moreover, the surfaces upon which cells move are heterogeneous.
Thus, the availability of matrix substrates having well-defined stiffness profiles
can be of great importance in biophysical studies of how cells might interact
with their environment. Existing methods to fabricate matrices have either in-
sufficient resolution or are too costly to routinely implement. Here, we present
a method to fabricate matrices with a steep gradient of compliance (as much as
80kPa across a 1.5 mm gel). This method, involving the photopolymerizationof films onto which peptides are grafted, can be easily implemented with com-
mon lab equipment. Atomic Force Microscopy (AFM) has been used to mea-
sure the compliance of the gels produced by this method. We demonstrate
that this microfabrication procedure can produce materials suitable for measur-
ing the response of cells as well as conveniently screening, on a single gel, the
cells’ response to substrates of differing stiffness. Applications to durotaxis and
mechanotaxis will be presented.
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The cell cytoplasm comprises an anisotropic semi-dilute filamentous network
permeated by a liquid. The mechanical properties of this coupled multiphase
system play a determinant role in many cell functions, ranging from cell motil-
ity to mechanotransduction.
Particle Tracking Microrheology estimates the shear modulus of the cell cyto-
plasm from the measured motion of probing embedded microparticles. It relates
the measured resistance of the probes to the viscoelasticity of the medium by
assuming Stokes drag. This assumption is crucial to microrheology, but it
breaks in live cells due to the structural complexity of the intracellular domain:
it has marked anisotropic characteristics. This introduces severe limitations in
the application of current microrheological methods to live cells due to our lack
of fundamental understanding about the non-Stokesian hydrodynamics of the
microrheological probes in anisotropic media.
To overcome this limitation, we studied the motion of a microsphere in an an-
isotropic viscoelastic network (the cytoskeleton), permeated by a background
liquid (the cytosol). In the limit of strong coupling between the network and
the liquid, the flow around the sphere is modeled with a generalized Stokes
equation using up to 5 viscoelasticity parameters. We solve this problem ana-
lytically and calculate the flow generated by the sphere and the drag force that it
undergoes. Due to the incompressibility of the medium, the drag is influenced
by the shear moduli in every direction. Using the calculated drag, we obtain
new closed-form microrheology formulae that relate the resistance measured
experimentally to the anisotropic properties of the medium. Previously used
techniques render an ‘‘effective shear modulus’’, which is an average of the ac-
tual shear modulii. As a result, they highly underestimate the directionality of
the mechanical properties for moderately anisotropic media: they render errors
in the order of 200%.
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It is known that various cell types can sense and respond to the mechanical
properties of their microenvironment. Specifically, cells have been known to
spread more when cultured on stiff substrates and are able to match their inter-
nal stiffness to that of the substrate. Recent work [1] has shown that epithelial
cells and fibroblasts can be induced to spread on micropillared substrates. Fur-
thermore, this work has shown that these cells tend to spread preferentially
along the stiff axis of anisotropic substrates [1]. Building on earlier models
[2,3], we present a model and invoke arguments based on energetics that ex-
plain why anisotropic substrates encourage some cells to spread more easily
along the stiff axis and why these cells can match their internal stiffness to ex-
ternal stiffness more efficiently than others.
Reference:
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We present findings from a two dimensional mathematical model (adapted
from Stolarska et. al., 2009) of a biological cell on a soft substrate focusing
on the role of anisotropic growth of focal adhesions and its effect on the cellular
tractions within the substrate and subsequent changes in cell shape. The cell is
modeled as a two dimensional hypoelastic continuum and the substrate as a lin-
ear elastic continuum material. The model computes the displacements at each
node constituting the cell and substrate and the stresses generated within cell
and on the substrate. The cell-substrate interaction is modeled as being medi-
ated by focal adhesion complexes. The focal adhesion complexes represented
